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ABSTRACT

The central focus of this research has bean the afficient ratrieval of recerds frem
very large databases in applications where the criteria for description-matching
require deductive inferance over 3 domain-specitic “knowiedge base”. Qur appreach
has involved the design of a specialized non-ven Neumann machine which permits the
highly efficient evaluation of certain operators of a relarione! algera of particular
importance to the computational task of logical satisfaction The architecturs permits
an O(log n) improvement over the test known evaluation metheds for these operators
on a conventional computer system, and may aiso offer 3 significant improvement over
the performance of previously impiemented or preposed database machines in other
applications of practical import.
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CHAPTENR ONE

INTHODUCTION

Doctoral disseriations are typically characterized by a very detailed trest-
weol of & very uassow Lopic whose broader siguificance may be w4 bo
argue before all but a very specialized audicnce. It is aur fealing, heymver,
that dissertations could nol be wiittea if it were not possible for the authors to
imagine Lheir work Lo be part of a much lurges framework of broad and globally
significant quostions. Whether one regards the perceived salationship betwean
& thesis topic aud the great ﬁnwlved pioblows of an academic discipline as a
teflection of actual insights or as a delusion aecessary 10 motivale completion
of the dissertation, it has besn ous expericnce that an appicciation of Lhis
framework is oftcn quite belpful Lo the reader in followiag snd integrating the
details of the thesis.

Wo thus begin this dissertation by acknowledging ous owa particular
detusion.

The fundawental problems which we have seceutly found most exciting
are concesned with the relationsbip betwean very high level mechanisms fos
the description of compulational Lasks snd highly eificient paralict hardware
architectures for theis exccution. On the ons band, we might ask for the
ability Lo descsibe such tasks in a satural, perspicuous mannes, much as they
might bs desciibed Lo a human programmaer. (The tiemendous utility of such
a capacity for hugh-lovel description is by now quite familiar to most compuler
scicotists; its practical implications in the arcas of software expenditures,
program scliability, and easa of maintainance and modification will not be
belabored bere) Such dewcriptive mcclu)n'unl aie of little economic value,
Lhough, if they cau be interprcted only by processes whose exccution requises
prohibitive amounts of time. Since the tiwe complexity of sn algorithmn is
inoxtricably ticd to the archilecture of tLe underlying wachine, it is natusal to

be concerned with the interactions between linguistic features and the hardware
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which “appropnate” tasgets are relsieved, while precision reflceds the extent
to whick “isappropriate” lasgets ase sxcluded lrom the result of a search.
Ewpirical data, along with certaia theosetical arguments, bave been geacrally
felt Lo reveal un suberent tradeoll belweon the optimization of recall snd preci-
sion, at loast willis the general design framework of cuscent relrieval sys-
tews.

Fiom the perapective of knowledge-based setrieval research, our priacipal
concerus sse seluted Lo the characteristics of the descriptions and description-
matchiag mechanisws used in exisuing refereuce retrieval systems. These issues
debie the central focus of Subsections 2.1.3 and 2.1.4. To provide a coutext
for these discussions, though, we will first provide a brief sketch of Lthe geueral

organtzalion of past and prescul seference retrieval systems.

24

2.1.2 Osgaulsation of setileval systews

Sinca the 1950%, many taxouvmies of selerence retiicval systams W’ distin-
guishied botween two Lypes of syslem organizalions: item ealry and tarm ealry.
(‘Fle use of these terng varies somewhat in the literature, snd different terms
biave been used by different authors Lo describe esscatially the same distinction,
while others huve sdopled saveral additional categorics. The basic motlons ef
item vs. term eutsy, though, provide s useful tool in describing traditional
iuformation retrieval schemes )

lo geueral terms, an item culsy system may be described as aa information
retvieval systemn whose index is composed of & vumber of item records of
some form, each correspouding Lo & single targel document in the collection.
luformation describing » givau document is associaled with its item record at
the time of indexing. |

The index of & tesmn cutry system, on Lhe other band, is composed of
term records, cach of which corsespouds to s single descriptive element, and
includes inforwation about the ducuments with which this descriptive elomcut
was associated. (We have used the phease “descriplive clement® in place of
the lern “duscriplos”, used more commounly in the literature of information
retrioval Lo avoid confusion with a nore specific use of Lhe latter tesm in our
own work, as istioduced 1o Scctioa 2.3 ) The form and uterpretation of these
descriptive clemenls varies widcly among the many examples of tern entsy
systeins, and will be discussed 1 Subsection 2.1.3.

‘I'hese two types of file organization may thus be distinguished by Lhe
structure of theis hicrarchical 1ndices: in ao item entry system, desceiptive
cloments are hicracchically subosdinated to the tasgels to which they are

applicable, while iu a berw entry system, Lhe order of subordination is revassed.

25
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2.1.5 Criterin fur retrieval aystemn evalustion

llecause of the great diveinty of puipose aud design found among reference
retrieval systems, the specification of a simple aod unifosmly applicable set of
system performance evaluation coteria is a dificull task The utility of a given
evalualive tool 13 bighly depeudent on such systam pasametess as Lhe volume of
retricval activily, Lhe size of the document collection, Lhe time scale on which
retrieval Lakes place, aud tbe vuwber of users. lo spite of such difliculties,
a wumber of widely applicable evaluation criteria have been proposed and
critically examined by various rescarchess, especially during the past decad.
A vumber of taxonomies of Lhe general calegories of crileria selevanl to
retricval system evaluation bave been proposed by various authora. One such

breakdown, based ou a discussion by Laucastes aud Fayea [1973], follows:

i Hecall T'ke propoition of relevant asticles in the collectioa that
are scliteved by the systew

2 Piecision. ‘The proportion of the retnieved arlicles that are in fact
relevant

3 Coverage ‘Fhe exteut to which the collection includes documents
tclevaul Lo s particular area of iuquiry.

4. Response time The lime typically required by the system Lo
respoud to uier requests,

S Uscr effort “I'lie ease with whick the systewn can be used.

6. Output form “The charactenstics of the fnal results snd intes-
wediate feedback provided to the user.

I'lic discussion below 18 primanily coucerned with the charucteristics of the

frst Lwo criteria for system performaunce evaluation
‘Yhe kinds of operational measures that may be adopted to asscas Lhe

degiee of secall and precision are dependent ou the type of inforwation provided

46

iu the scarch output. This dependency can be best explained by viewing Lhe
resull of a search process as the imposition of an ordering on all documents
iu the collection. The wost ivformative ordering that may be imposed oa the
collection is » total ordering, which insuses that for auy paic of documents in the
collection, the one with greater assessed relevance may slways be delosmined.
A total ordering 1nay be thought of as & one-to ons correspoadence between
the n documents in the collection and the integers | through n.

Io wost systems, bowever, only a partial ordesing is imposed on the
collection, such that the more relevant document may be determined fos ouly
some, bul in geueral ot all, of the possible document pairs. 1o such systems,
less information is available for the computation of performance measures.
The most commwon example of partial ordering resulls ouly in a dichotowous
partition of the coliection iuto relevaul and ifrclevant documents, so Lthal the
“wore relevaot™ relationsbip is dellued only when one document is & member
of Lhe former set and the other belongs to Lhe latter. No assessment of
the comparative relevaace of two “relevant” or two “liselevanl” documents is
available for computing performauce measures in such systewms.

A sowcwhal mose iuformalive partial ordering is imposed on the collection
in systems which raak all docuweuts deemed relevant in order of their degree
of selevance, thus allowing relative relcvance comparisons belween pairs of
relevant documents or betwcen one relevant and one irrelevant document, but
nol Letween pairs of irrelevant documents. By the (user-specified or implicit)
specification of a numerical culof point, sowe of all of the relevant documents
inay be presented Lo Lhe user, often in ordes of their degree of relevance. Apart
{row Lhe facilitation of variable cutoff poiats, though, the rankiog of selevant
docuwments provides information that is used in various weasures of system

petformance.
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2.5.6 Evaluatios wethods aud results

A number of strategies bave baes smployed Lo evaluate Lhe ments of existing
retrieval systems aud techuiques. I is the intent of this subseclion to briefly
outline these Lechuiques, aud to provide illustiative exuwples of their applica-
tion.

Awoug the smplest evaluation results that bave been publishied are com-
patative cost analyses of two or wore retrieval systeas. Although the deter-
wination of uselul cost data is complicated by the subjectivity of the choice of
such variables as the amortization periods of different pieces of equipment,
uumber of wteresting cost studiea have been published and subjected Lo critical
review by the selsicval systewn community. lo one of Lhe earliest such studies
|Locklieed, 1959], rescarchers at Lockheed Aircralt Corporatioa cowmpared the
unit cost of exccuting a docuwent seacch usiug a waoual terwm-catiy ayslew, a
punch card scanniug systeis, 8 magnelic bape scanning systew aud a disk-based
systew.

Because of differing ratios of amoitized ixed costs Lo tucseinental search
costs for Lhe fous systeis, difercot systews proved most econowical dopending
ou the s2e of the collection and oo the volume of scarch activity o paiticular,
the rank ordering of the four tested systemns was found o chauge several Lites
as collection size aud Liansaction voluine was varied frow 10,000 documents
aud 10 searches per day Lo 100,000 documents aud 100 scarches per day. Other
comparative cost analyics have revealed sunilar palterns, in which different
systcaus appear most economical i different sanges of operational scale ns a

resull of tradeolls between fxed aud waggival costs.

Awonug the most uselul cvaluative tools is the comparative survey, typl-

cally involving a “checkhist™ aualysis of the correspondiog {calures 1o 8 oumber

of existiug systewns Perbaps the wost compichensive such study was the sur-
vey of eighty-seven moncouveslional iuformation setrisval systams copducted
by the National Science Foundation {1962]. Amoug the pasametags spacifed for
each of these sysiems were Lhe subject asea of the collection, the iype of docu-
ment iudexed, tha categories of usars and operators involved, the documsent
descriptive Lachaiques employed, the kiad ol squipment used in the system,
the processiug opesations suppostsd by Lhe system, and the size and cost of
the system.

‘I'be NSF survey provided a general ipeession of the sorts of applications
for which various kinds of retrieval systeias seemed bast suiled. Additionally,
the abundant corpus of quantitative data presented in Lhe study later served as
the basis for inveatigations of Lhe selationships betwean cerlain critical system
parsmeters wilhia a given system.

Fife, ct a). [1974] bas compared forly-six inleractive retrieval systcins,
some of which were oricnted toward the tctiieval of documents. Minkes (1977)
provides a tabulas comparison of Bve typical document retrieval systems (MED-
LAIS I, RECON/STIMS, ORBIT 11, the Defense Documentation Center
loformation System, sad the New York Tiwes lafornation Bank), sdapted
from material provided by Fong [1971] sad Brandborst sud Eckert |1972).
Mioker's data is ocganitod according Lo the amalylic frawework that he has
introduced Lo distinguish Lhe features of rclerence tetricval systems, ganeralised
dalabase manageineat systems aad question answeriag systems.

Auother method of perfosmauce evaluation involves the comparative test-
ing of dilferent retrieval systcms of wmetbods using & well-defiued experimon-
tal rebrieval tazk  The first plase of the Cranbicld Project |Claverdon, 1960)
cxemphlics the use of & comparative expeninental proceduse in evalualing

sabsicval system pasformance. lu the course of tLis project, four telcreuce
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1.1.8 Features of contemporary ounllune systems

A wuwber of surveys and compaiative aunalyses of retrieval systems bave beca
conducted dusing tke past hileen years, each viewing the set of available
systeins from a somewbal diflerent pesspective. Welch [tuus| conducled an
early study of live interactive retrieval sysloms which was, bowever, considered
out of date within a few years alter its publication. Seidon {1970] outlined »
set of features characteriting a nuwber of bibliographic setrieval systems in the
context of the sequirements of the Biomedical Communication Network, and
roviewed cleven theu-operational systeias for the presence or absence of these
features. fu Lhe prcsent decade, the National Hureau of Standards has played
a prowmiucol sole in the analysis of available tetrieval systems, reviewing the
state of the art periodically in surveys published since 1971, lu the NHS survey
reported by Fong [1971], a list of system lcatures is proposed for purposes of
comparing document processiug systeius, and eight commercially available or
government-owned systems available at the limne of the report are teviewed
wilh reference Lo Lhis feature list. Ao NS index compiled [rom questionnuire
databased on 46 systems operatiunal in 1973 and organized according Lo a
somewhal diffcrent feature il was prescuted by Fife, et al. [1974]; other NS
‘Techuical Notes [Marron, 1973; Marros, el al, 1914] are alio concerned with
the fealures of retrieval systews in the academic, governinent and commescial

commuanilies

Perhaps the most uselul information tegaidiog the essential features of
coutemporary retrieval systemns, though, had its roots in a workshop held in
January, 1971 under the sponsorship of the Awmerican Fedesation of luformation
IProcessing Socicties (AFIIS) [Walker, 19T1]. Hepreseutatives of differont iufor-

walion retrieval systems discuased issues related to the user iuterface for intes-
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aclive bibliograplic searching, and most participants agieed to participate in
a comparative analysis of the featuses of their respectlive systems. Al a second
meeling in Novewber, 1971, spousvied by AFII'S asd the American Bociatly for
luformation Science (ASIS), a list of seveoty leatures considered desisable in an
interactive bibliograpbic search and retriaval system was colnp“.‘w § ope-
cial interest group of ASIS for user opline interaction (SIG/UQI) wes fermed
to undertake a comparsative analysis of the user inteiface of axisting online
systems. Subscquent funding from the National Scicace Foundation permitted
a detailed comparison of eleven systems, based lasgely on a review of the users’
maunual lor each systewn, ball-day interviews with represeutalives of each of the
systewms, snd a three-day workshop in April, 1973, attended by represcatatives
of the eleven systams, a five-person experl panel, and several lavited guests.
The results of Lhis study are presented in a ieport by Maitia [1974], whose
organisation will form the basis for our owa in this subsection.

Following Mastin {1974], we will divide ous exposition of the featuses of

contemporary seference retrieval systems three major categories:

). lastruclional, diagnostic aud control features
2. Query formulation features

3. Result magipulation features

The second category may be viewed as the “heart” of the retrieval system,
and although substantive diffciences will be obssrved in the manuer la which
difflerent systems facilitate the process of query formulation by the user, nearly
all dsaw upon the wechanisms discussed in Subsection 2.1.3. From the perspec-
tive of the user community, however, the logical characteslstics of a system fos
query formulation and retrioval comprise only one of the delerminants of ite

valuc in the conulext of s real sct of infurmation sceds. Since wost users
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jaccut Lerms, some of the syslews uuder consideration also indicale the number
of records that would be retrieved if each related termn were specified.

‘The following examples will serve to illustrate the structure of several
thesauri actually accessible using existing online systemns. ‘I'be first is Laken
from the ADI/INFORM Controlled Vocabulary {Warnes-Eddison, 1978), and
iocludes only the *Use (term)” (abbuvhﬁd “U*), “Used For (term)” (“UF")
and the “related iu some other unspecified way® (“IUT*) selalivuships:

accornodation endorsement

RT cosigning
UF accomodation paper

accomnodalion paper
U accomodalion endorsement

The uwext example, drawn (1ot the Thesaurus of P'sychological Index
‘Ferns |American Psychological Association, 1978] additionally illustrates the
specificativu of s single level of abstraction in both the general and special

ditecliouns:

academic achicvement

Used Vor
achievement (academic)
gradepoint average
scholastic achicvernent
school achievement

Broader
achievement

Natrower
academic overachicvement
academic underachicvement
college academic achicvement
mathemalics achicvement
reading achievement

"

Helated
academic achicvement motivation
acadennc achievernent prediclion
academec aplitude
academic faslure
educalion
school learning

Finally, an example of the display of a poslion of & multi-lavel abstrac-
tion hierarchy, adapted from Lthe Thesausus of ERIC Dascriplors (Macmillen
lofornation, 1977), is presented. Mose genesal terms are indicated by & num-
ber of colons (:) corraspondiog Lo the number of levels above the entry term
in the abstraction hierarchy at which Lhe related term is found, and move
specialized terms are similarly desiguated using periods (). la our example,
the ealry term american Aislory is listed along wilh three successively more
general Lesns (Aestory, social aciences, and sciences), Awo distinct Brst-leval
specialisations (mezican american Aistory and uniled slates Aistory) and one
furthier specialisalion of uniled slates Aistory (colonial Aistery):

;sciences
::social sciences
:Mstory
american hislory
.mexican american Aislory

.uniled stales history
.colonial Aistory

‘Fwo systems (ORDIT and DIALOG) provide for the user-specified inclu-
sion in the scarch query of all terms wnore specislized than the entry lerm. In
STAIRS, the user may specily that two terms are Lo be trealed as synonyms
for pugposes of retricval.

Mot systems provide several mechanisms for specifying that individual

15
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2.2 Motlvatlion for Knewledge-Nased Netrieval

In Section | §, we defined conceplual matching as “thbe assignment of a cor-
respondence between entities that humans perceive us being bighly and ays-
tematicaly structured, based on selected significant characteristics of thore
structures.” In order Lo identify Lhe important respects in which our knowledge-
based information retrieval systern dilffers from the kinds of commonly used
retricval systems reviewed in the previous section, It will be helpful Lo consider
the special properties of such systematically structured entities which distin-
guish distinguish a malching task as “conceptual” in nature. After introducing
tbese properties in Subsection 2.2.1, the abstract descriptive capabilities of
traditional and conventional information retrieval systems are considered in
Subsection 2.2.2. Within this framework, the distinctive goals of a conceplual

matchiug system are introduced in Subsection 223,

2.2.1 Fasential characterlatics of structured entdtles

T'be wost interesting aspects of couceplual matching are related Lo the fact that
both the matchable entitics and the match criteria sxhibit a rick conceptual
structure. It is the perceplion of this conceptual structuring which provides
the basis for & meaning-based evaluation of the appropristeness of polential
pairings. In this subseclion, we will outline those distinguishing aspects of
structured entities Lhat lend a conceptual Bavor to Lhe class of matching tasks

under consideration

In the course of this discussion, Lbe nolion of structural level, which reflects
the scope and grain of a particular obsesvation of vome structured eptity, will
be introduced. The range of possible levels of perceived detall will be conceived
of as a structural hierarchy in lr.nv » distinctive sel of emergent properties
are made evident at each higher level Lhrough the imposition of constraints
on Lbe configuration of lowes-level elements. l,cosely speaking, » system may
be considered structured whenever il can be fruitfully examived at more than
one level of conceplual detail, with different properties of the system becoming

salient Lo Lhe observer depending on the chosen “grain” of obtervation.

Auv automobile company, for example, may be observed al sny of several
levels of detail, each associated with different sorte of characteristics. Viewed
al a detailed structural level, the activitics of each automotive worker E,wu be
described in terms of such basic physical activities a1 hand and arm movemeats,
the production of phonemic strings, and primitire acts of personal locomotion.
With the addition of a detailed mechanical description of each machine found
in each manufacturing plaot, one might tinagine the possibility of providing

a very accurate descriplion of the detailed functioning of Lthe firm over some

period of Lime.
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Such a description, though, would Lave little value iu cohereally expressing
those aspects of Lhese operations that would be considered most important to
a productive busincss enterprise. While a detailed analysis st this level would
be cssential for the solution of certain problems, it is unlikely that » consumer
comparing the advantages of various makes and models, for example, or so
investor considering the purchase of stock in the company, would be interested
in considering the detailed behavior of each machine and employee ip Lhe firm.

Ascending the structural bicrarchy to a level of detall corresponding to
the corporation as a whole, though, a very diflerent set of characteristics
emerges fromn the same physical entily. AL this new structural level, such
featurcs as a product, a board of directors, and such sbstract nolions as
capital assels are observed Each of these is in fact made up of components
observed at lower levels, but the observation of characleristic elements and
inler-element relationships makes it possible to view Lhese same phenomens at
a “higher” structural leve) wbich is likely to be of greater use Lo an investor.
A bistorical analysis of industrial production during the Sccond World War
or an investigation of current unerployment patlerns would probably involve
yet a higher structural level corresponding Lo the aulomobite industry taken
as an aggregated whole. The level in the structural hierarchy that is chosen
for obscrvation is thus highly dependent on the pasticular purpose of that
observation

It is significant that not all possible interacling combinations of people,
equipment and aclions can be usclully observed in Lerms of the characteristic
features of aulomobile firms. Iather, it is the introduction of s characteristic
sel of constraints on the dctailed configuration of this system which leads Lo
Lhe emergemte of conceptually useful properties at the corporate level of Lhe

structural bierarchy. Mostimportant, the perceplion of “similarly” constrained

systems may allow an observer lo profitably apply & common interpretive
framework Lo related sels of configurations. When the potential investor asks
his broker about the management of a particulat aulomobile Arm, for example,
the broker need not explain the function ol a corporate president in Lerms of
low-level buman bebavioral primilives. Perceived commonalities in the sorts
of constraints abserved in all corporations alfow the broker Lo assume that his
client i generally familias with such emergent elements a1 the geveral role of
a corporate president.

Emergemt propeities, then, may be associated with similarly constralned
sets of lower-level configurations. Clearly, though, a given configuration may be
regarded as 3 member of any number of conceivable configuration sets depend-
ing on the particular constraiots chosen for use in the pastitioning process.
"I'he sct of properties that emerges wilh a transition to » higher structural lovel
it thus dependent on Lhe particular set of configurations whose characteristic
constraints are considered “similar” in the context of current sequirements.
One degree of freedom s related Lo Lhe sise of Lhe sel of conceivable systems
that are grouped logether for purposcs of facloring oul common emergent
propertics. At a given structural leve), certain emergent charactesistics may
be shared by a Jarge number of particular detailed configurations, while otbers
may be applicable only to some proper subset of these configurations.

Some of the characteristics of the above example entity that emerge at
the level of the automobile Brm, for lustance, are in [act (eatures of organiza-
tions in genera). (Most organizations caa be assumed o bave members, for ex-
ample, slong with some forin of leadership and & purpose for existence). Other
characteristics which emerge at Lhe same strwctural level are particular only to
corporations. - the existence of stockholders, products and a board of directors,

for example. When the same system s viewed as s member of another set of
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configurations whose detailed components are even more tightly constrained,
a third sel of propeslies, relevant only to automobile corporations, emesges.
Furthesrmore, different properties may emerge at this structural level depend-
ing on the particular subset that is chosen. A political parly, for example,
may, like a corporation, be viewcd as & specific kind of organisation. While
lacking stockholders, products and direclors, this specislized type of organisa-
tion roveals such emergent propeities as candidates, conventions and Ceotral
Committees.

Fustbermore, most configurations may be uselully tegarded as members
of several non-ncsted configuration sels, each associated with its own sct of
cmergeot characteristics. Deer, for example, may be viewed ss & special case of
either a beverage or an intoxicant, depending on the characleristics salient to
the particular conceptual task at band. Not all beversges qualify as intoxicants,
nor are all intoxicanls ingested in liquid form, but a number of the salient
properties of beer are in facl gemeral characteristics of beverages or inloxicantls
in general. The salience of alternative sets of constraints thus jotroduces further
possibilities for the choice of properties to be considered emergent at a given
structural level.

In summary, Lhe particular set of characteristics thal emerge from a
dificrent obscrvational viewpoint is dependent nol only on the level of delail
chosen for obiervalion, bul on Lhe set of “similar” configurations of which
the observed system is considered a member. It may thus be vscful to con-
sider 8 secomd parameter, distinct from the choice of a structural level, as a
detesminant of the particular ewnergent interpretive framework which is salient
in » given situation. This parameter, reflecting the extent and dimension of
structural coustraiot, and influeaciog the specificity and selection of emergent

properties, is tho basis of the nolion of abstraction. Asin the case of structural

92

detail, it will somctimes be meavinglul to speak of abstractive levels sanging

fsomn specialized Lo general, cach denoting a progressively less restrictive set of

structural constraints

The “lactoring™ of emergent characteristics al appropriate abstractive

as well as structural levels is eritical Lo the task of conceptual classification

and vetrieval. Part of the significance of Lhe notioo of abatractive levelr in

naturally and artificially iutelligent systems is based on om the inkeritance

Ly specialized configuration sets of the emergent properties of a more general

abstractive “parent”, Certain properties of an abatractive “child” are specific

to the more Lightly constiained system, aod are uorelated 1o any properties of

e parent. ‘The notion of a product, for example, is meaningful In the context

of & corporation, but has no analogue io Lbe mare abstract case of a general

organisation. The officers and direclors of a corporation, on the other hand,

may be viewed a3 specializations of the notion of leadership which were listed

as one of the important fealures of organisations in genersl.
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2.2.3 Descriptive capabilities of conventionsl systems

In this subseclion, we will consider some of the limitations of past and preseat
Information retrieval with respect o the gosls sddrensed by conceptual match-
ing in geoeral and knowledge-based informalion settieval in particular. These
limitalions are best expressed in terma of the nolions of struclure snd abstrac-
tion introduced in the previous subseclion, which provide a unilying basis for
the examinalion of existing retrieval schemes and for the justification of our
proposed approach Lo the problem of meaning-bated retrieval.

In all fairness, it is worth noting that various specialized and funcltionslly
limited instances of most of the mechanisms oo which our approach is based
can be found even among systems predating the introdwction of cootemplorary
“generalized” comnpules-based information rettieval iysteras While the specific
retiicval systems introduced is Section 2.1 have olten employed various com-
binations of the mechanisms described below, we have attempled to identify
several conceptually distinct categories of retrieval tools that will prove use-
ful in discussing the fundamental itaport of our knowledge-based approach to

retrieval.

Simple Abstraction

The simplest abstractive mechanlsm for document classification in-
volves Lhe assignment of each of a set of taigel documents Lo one of a
fixed, smaller get of categories on Lhe basis of shared characteristics.
‘I'he value of simple abstraction lies in the fact Lhat the user is often
abic to first identily potentially relevant calegoties and limil scarch to
the documents in these subsets of the Larget collection. It is diflicult
to fAind a document retrieval system that does not use Lhe abstractive
mechanism in some form.

Abstraction Hierarchics

In large collections, the use of a single level of clansificatory abslrac-
tion leads citber Lo a great proliferation of document classes or to

o4

the existence of classes having 10 many members thal search wilhio
cach category becomnces diflicult. In an abitraction hierarchy, on the
other band, “lop-level” classes are in tura subdivided into further
calegorics, and 30 on, such that the vser can Brst identify relevant
classes, then Turther restrict hin search to appropriate subclasses of
thicse classes, continuing until & manageably small sct of documents
remains  Library calalog numbers such as the Library of Congress
and Dewcey Decimal classilicalions cxemplify the use of hierarchical
abstractive mechanisns.

Multiple Abstraction (Independent Feature Mechanisms)

Multiple abstractive mechanisms involve the characterization of each
Larget document as a member of several pon-nested categories, each
corresponding Lo a set of charackeristics shared by its members. Mul-
tiple abstraction allows independent features of the Largel Lo be separ-
ately noled and ulilized without an exponential increase in the num-
ber of calegories Lthat would be required if each possible combination
of fcaturcs were assigned a distinct simple abstiactive category. A
single paper might, for example, be classified a3 a Document.-dealing-
with-automata-theory and s Monograph, aod the two characteris-
tics used scparately for vasious retrieval tasks. Exsmples of multiple
abstractive mechanisms include indexing systems in which the targets
are described by cards with punched edge slots (see Section 2.1), each
slol representing a siogle feature.

Schematic Structures (Attribute-Value Mechanisms)

The use of schematic mechauisms in document retrieval is based om
the observation of a small scl of common characteristic altribules
that may have dilfcrent values in the case of different targel docu-
ments. This obscrvation suggests the use of a schems for documents
in general which may be instantiated by filling various of its slots
10 as Lo specify the particular values of the corresponding attributes
of cach larget document. Library card catalogs, for example, make
use of & schemntic mechanism in which such elots as suthor, subject
and number of pages are filled with the particular values associated
with each docuinent io the collection. Schematic systems Lhus differ
from the multiple abstractive mechanisms discussed above in that the
specilication of cach feature involves two elements: » particular slot,
and its corresponding filler.
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m.n_:..:.u:a structures permail the uses (or the retrieval system) to dis-
tinguish between a book by Keonedy about Jobnson, for example, and
one by Johnson about Kennedy. To be sure, this distinction could be
made using a wulliple abstractive classificatory scheme through Lhe
cseation of scparale fcatures lor Awthor-Kenncdy, Subject-Johnson
Author-Johnson and Subject-Kennedy. Through the use of -ara.u-:m
descriptive strategies, Lhough, it is possible Lo “factor® relevant infor-
mation snd procedurcs together in association with Lhe sppropriate
slots. Special rules for standardising publication date formats and
retricving documents published wilbio s specified Lime period, for ex-
ample, inay be specificd once in nssociation with the publication-date
slot, and not repeated for each of the mulliple abstractive categories
Publication-date- 1936, Publication-date- 1937, etc. Similasly, infor-
malion most nalurally associated with a given Bller (e.g., Johnson)
may be specificd ouce, independent of the slot for which Lhe enlity in
question will serve as a Giler.

We now Lurn our allention Lo the use of such traditional descriplive
mechanisms within the typical conlemporary information retrieval aystems.
In Section 2.1, a number of “conventional® retrieval systems, utilizing vastly
different mechanisms for descriplion and malching, were considered. In order
to simplify our exposition of the relevant limitations of such existing systems,
however, iL will be useful 1o restrict our attention lo a simplifed model of
8 typical “statc-of-the-art" dala base system such as SPIRES (Parker, 1970),
which is currently used for & number of practical document retrieval tasks.
For purposes of dhstinguishing the essential aspects of aur proposed research,

the basic functional operation of a SPHIES-like system can be summarized as
follows:

). Bchema Selcction A single type of schema is 813t chosen for use in
B retrieval scssion through the user selection of a particular set of
—-.no_..- (a “sublle” of howmogencous “goal records”, in SPIRES), each
of which is represented by au instantiated targel schema. This n.v.c.aa
mnay be thought of as a single abstractive oarrowing which specializes
the scarch to the target class in question.

2. lInstantiation of the Hequest Schema. The user pext instantiates
(partially or completely) a request schema having Lthe same form an
the target schemnata, by specifying lor selected slots eithes particular
(Wers, simple predefined constraints (typically involving arithmetic
or string comparisons) or boolean combinstions of particular and
constraining specifications This process may be regarded as a one-
level process of structural elaboration.

3. Retrieval of Matching Tasgets. The system now applies a simple
malching slgorithm to decide which targels match tbe instantisted
schema A request schema is considered lo match a given targel
schewna (of the sarue type) when the boolean combination of particular
and constraining specifications currently Rlling each of ils slots is
consistent with the corresponding tasgel slot. Such consistency may
involve either simple equality tests or specially defned Lype-specific
proceduses associated with the slol in question; unhilled request slots
are slways decored Lo match the corresponding target slot.

This sunmary of course ignores nany substantive characteristics of a
SPINES-like system which were discussed in Section 2.1, the above analysis,
bowever, should be adequate Lo bighlight the most important respects in which

the goals and capabilities of our kuowledge based informstion tetrieval system

dilfer from those of contemporary systems.
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2.1.3 Nequirements of n conceplunl matching system

As poled in Section 1.2, one of the most important characteristics of Lhe sort
of system thal we bave implemented is the ability to retrieve highly -—hnn:_n
targels from among s large class of conceplually beterogeneous documents. It
it our contention that the sorts of systems discussed in Lhe previous subsection,
which use only a single, fixed schematic structure for describing the user’s
request, are seriously and intrinsically limited ia this regard. Such systems can

of course be immenasely uscful In cither of the following situaticns:

1. Nighly Restricted Target Collection. The targel collection is
restricted o a sct of documents which sbate most of the specific
sttribules that will be incorporated in user tequests. A graduate
studcnt working in the area of Loxicology, for example, might well
make use of such a system if the Lorgel clasn were restricled Lo papers
on the mechanisms of poisons and Lbeir antidotes.

2. Very General Classification Criteria A mansgeably small set of
altributcs general enough to spply to most of Lhe Largel documents
{author and subject, Jor example) is found sufficient to adequalely
distinguish the targets for purposes of the application at band.

lo the flist situation, Lhough, the original Lask conflronting the user is
merely replaced by the new conceptusl malching problem of Bading Lhe relevant
collection If each collection is specialized to the degree necessary Lo achieve
the benefils of Situation 1, the sumber of such collections will be 10 large
ss to make the problem of schema selection itsell a formidable Lask, par-
ticularly in the commoa case where tbe desired target may be regarded as
spsnsing disciplinary boundaries lo the case of Silustion 2, on the other
band, the ndvastage of a large and heterogeneous document collection must
be balanced Bgalust scvere limitations on the capacity for discrimnination of

velovant documents on Lhe basis of criteria specific to bighly specialized targets.

'L

Our work it directed toward the discrimination of appropriste targets
on the basis of very specific properties  Lhose emerging st bighly specialized
abitractive levels and bighly detaited structural levels— wilthout the sacrifice
of heterogencily in the target collection. We should like it to be possible, for
example, Lo retrieve a Largel documenl whose description might be expressed in
English as “A systems relerence manual for a PASCAL cross-compiles running
under the NOS operating system on 8 CDC Cyber 175 computer and generating
target programa for execution on a DEC PDP-11 computer running RSX-11°.
Fusthermare, this target should be distinguisbed {rom, say, a manual for »
similar compiler in which the bost and target machines were reversed. In the
remnainder of Lhis subsection, certain critical limitations of existing systerus in
attaining this sort of performance will be examined, snd the most important
deparlures embodicd in our work will be outlined. We begin by discussing
some of the issues related to sbsiraction (see Subsection 2.2.1) Lo which our
approach to document descriplion is directed.

In conventional document rctrieval 1ystems having the capabilities dis-
cussed in Subscction 2.2.2, each document being catalngued and each request
being specified is implicitly viewed ns 8 member of » single abslraclive class
chatacterited by the styucture of the Bxed schema associated wilh Lhe Largel
colection. lo considesing Lhe problems of retrieving actual documents sccord-
ing to the kinds of conceplual criteria described above, though, it becomes
evident that both documents snd requests (along with their structural con-
stitucnte, as will be seen shortly) must often be viewed as members of various
abstractive classes, including both nested sad intersecling categories.

‘The nced for descriplive information associaled with different abstrac-
tive levels {Lhal is, wilh mulually mested absiraclive categories) is a direct

consequence of the simullaneous requirements of heterogeneily and specificity
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discussed above A request for an atlas published in 1935 and showing the
political boundaries of Europe, for example, might involve the flling of »
publication-date request slot, factored in association with a geoeral document
schema, along with geographic-area and map-type slots associsted with atlases
in particular, and not generally meaningful for other sorts of documents. ln
the coursc of a cataloguing or description-building session, il will become pos-
sible Lo gradually specialize Lhe target of request schema, respectively (again
along with ils emerging substructures), often ndding new descriptive details
st each successively more specialized abstractive level. lo addition to hierar-
chical abstractive mechanisms, Lthe capability for multiple abstraction appears
quite essential for a knowledge-based retrieval system. The ultility of multiple
descriptive mechamsing is based closely on the sorts of considerations already
discussed in Subsection 22.2

l.et us now consider sowne of Lthe slructural (in Lthe scose of Subsection
2 2.1) issues raised by our approach to ksowledge-based retrieval. Request
and target descriptions in curtent SI'IRES-like systems incorporate o single
level of structure defiued by the document schema sod its associated set of
slots. While the provision of one level of detail is sufficient for the performance
of many practical retrieval tasks, this restriction imposes serious limitations in
casos where one or more of the slot filers (which themselves typically represent
entilics having complex systemic structure) must be described in » structured
maaner in order Lo distinguish appropriate targets.

Caasides the paper “An Application of Heuristic Search Methods to Edge
snd Costouwr Detcclion™, which was in fact published in the Decenber, 1976
issue of Lthe Communications of the Association for Computing Machinery.
Given a suflicicntly sparse Largel collection, a single level structural descriplion

in which the Lwo abstractive descriptors Artificial-intelligence and Graphics-

and-image-processing (actual ACM subject categories) were used Lo Al Lhe top-
Yevel subject slot might well be sufficient In order to distinguith the subject
area of this arlicle from s paper describing, for example, Mitch Model’s thesia
research on graphic display tools for mouitoring the operation of knowledge-
based systems (without introducing a proliferation of uorensonably Idiosyncra-

tic subjecl calegories), on Lhe other band, » sccond level of structure is strongly

nceded.

Given a sccond, widely applicable schema representing the general no-
tion of an Application and baving slots for the tool snd task, the subject of
the CACM paper could be described by filling the tool slol with Artificial-
intelligence and the Lask slot with Graphics-and image-processing. ln the case
of Model’s work, the tool would be classified a3 Graphics-and-image-processing
and the task as Artificial-intelligence To describe Lhe papers themselves, the
top-levcl subject slot would itself be Glicd witl & substructure: su appropristely
instantiated Application schemna Ilecause of Lbe need Tor bighly specific dis-
ceimination al mulliple structural levels, the descriptions uted in a conceptusl
tetrieval system will often bave the forin of a “petwork” of schematic forma,
interlocked through the slot/Bller relationship.

I is the many-lo-maoy mappiog between olots and their potential fillers
which lends comnbinational power to 8 schematic mechanism supporting mul.
tiple structural levels. On the one band, each slot may be Blled with soy of
a pumber of alternative schemata, each baviog a distinct tet of slots Il &
scheina for Election weie (o replace Application as the files of the subject
slot, for example, an entirely new sct of slots would be introduced in place of

tool and task The provision of multiple levels of schewmatic structuce thus ab

lows the vse of specialization to introduce highly specilic attributes associaled

not only with the top-level {document) description, but with the desciiption

[\



of schemalic slot fllers of the Lop level schemna, for tbe Bllers of those Bllers,
and 10 on a3 may be nccessary for Largel discrimination. Cooversely, a given
schema may serve as the filler of any of a number of 1lots (possibly at various
stiuclural levels) as illustrated ia the CACM example above.

‘The major departures of the knowledge-based descriplive language Intro-
duced ip the following section from those used in most conventional informs-

tion retricval systems are Lhus related to:

1 the use of mulliple levels of schemalic structure, each baving slots
that can be filled by instances of schemats having various allernative
struclures.

2 Lbe availability at any of Lhese levels of descriptive elements baving
various degiees of specificity, and the possibility of using these descrip-
Live elements cithes singly or in combination Lo describe o given entity
from allernative viewpoiots.

While these characteristics impose a requirement for the maintenance of
domain-specific kaowledge, the resulting capabilities extead far beyond those

of existing luformatioa retrieval systems, and thus merit serious consideration.
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1.3 The Knowledge-Tinsed Deseription Language

The previous section suggested teveral capabilities that would appesr to be
quite uscful in s descriplion language for the task of knowledge-based infor-
mation retrieval. ‘The knowledge-based descriplion language ndopied for use
in our demonstration system, which s based closely on the knowledge rep-
fesentation language K, (Bobrow and Winograd, 1977), supports each of
theso requitements in » natural fashion. The description language, along with
the rules for descriplion matching, will be introduced in Subsection 2.3.1. lo
the second subsection, the manner in which descriptions sre employed in the

specificalion of domsin-specific yelationships in the knowledge base is described.
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2.3.1 Descriptions aud descriplers

Itatber thaa begin with a formal treatment of the kuowledge-based descrip-
tion language thal was used in constructiog our thesis system, we bave chosen
to Brst illustrate the esseutial components of its descriptions by examining a
simple (albeit rather contrived) example of a bypothetical document descrip-

tion:

a Document
authors
set-with-all-of
Thompson
Walters
sel-of
an Engineer
countries-of-publication
set-with-any-of
USA
Creat-Britaia
subject
invelve»
su lavention with
purpose
or
Power-generation
Power-transmission
copyright-dales
set-with-exactly
1935
1962
» Swrvey-Article

{in the actual description language, parentheses are used extensively for

purposes of groupiug, we have Lakea Lhe liberly of omitting the parestheses in
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this and most olher examples, using indentation Lo couvey the same structural
informnation )

The above description is made up of two descriptors-~one of which (which
in fact includes the great bulk of Lhe top-level descriplion) characlerizes its
referent as a Document, and the other more specifically as a Survey-srticle. The
use of descsiplions composcd of mulliple descriptors, each reflecting » differont
way of viewiog Lthe same real world entily, gives our descriptive language the
powér of multiple abstraction, whose practical importance was di;guued in
Section 2 2.

o al), thcre arc eight types of descriptors that may be included in the
descriptions of our language, each of which is illustrated in the above example.
The two that we have just mentioned are called perspectives, which are the
schematic descriplive mechanisms (Section 2. 2) of our language. Each perspec-
tive includes a single prototype (Document and Survey-article, in the examples
under cousideration) with which is associaled a particular set of characteristic
slots. One or more of these slots ay be filled with another description ia any
particular instance of a perspective, Lbus providiog the structural descriptive
capabilitics discussed in Section 2.2 In our example, the authors, countries-
of-publication and subject slots are each flled Alternately, a perspeclive may
appear without any of its slots Blled, as in the case of the Survey-article descrip-
tor. A targel perspective is decined to “syalaclically™ match (see Subsection
2 4 7) a patteru perspective exactly in the (recursively defined) case where the
prototypes are identical, and where every slot which is fillcd in Lthe pattern has
a watching description in the corresponding position in Lhe target.

Sevcial other types of descriptors are embedded within the slots of our top-
tevel example description. The simplest of these are the individual descriplors

Thompson, Walters, USA wnd Great Britain lodividuals are the only “atomic”
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2.4.3 Loglc 83 sn elleclive query Inmguage

In Lhis subseclion, we will examine some fundamental connections between
the descriplive capabilities of the fiest order predicate calculus and the use of
relational slgebraic operators Lo make such logical descriptions computationally
effeclive, While we might have chosen to exemplily this relationship using »
realistic example of the bebavior of our demonistration system, the relative
complexily of the knowledge-bascd matching operation would have made it
unnecessarily difficult Lo identify the essential import of such an example. We
have thus chosen to iHlustiate the central aspects of our use of mathematicsl
logic and rclational algebsa through the use of » simple example typical of
conventional (as opposcd to knowledge-based) retrieval in a relational database
inanagement context. Of interest in Lhis regard is the observation that a wide

tange of typical database queries can be expressed in th: form of

1. a well-formed formula in the first-order predicate calculus (without
funclions), together wilh

2. a list of free variables of Lhat well-formed formula, all possible joint
iustantiations of which are to be returned as Lhe value of the query.

This obsesvation is best illustrated by counsidering a timple example. To
this end, we have supplemented the bypothetical « PRODUCT--PART s tels-
tion introduced in Subsection 2 4 | with a new « CUSTOMER--PRODUCT
relation, which iz Lo be interpreted as asserting that American Airlines has
purchased one of mote DC-3's and one or more NC-10's, while Western Airlines

owns obe of more [)C-10' only:

n

CUSTOMER | 'RODUCT roonucT PART
Amncrican ne-3 ne-1o0 wheel
 Western AT AT :r;gi;u:u_lou;l
“American T nci T DC3 oly‘en:mul

vC-10 oxygen mask

DCilo

radio

Suppose we wished Lo produce a list which paited each airline with each
part which could be found in the inventory of that airline, independent of the
identity of the model {or models) of airplane which accounted for Lhe presence
of that part within the inventory of that aitline lu relational tesms, vu.lhould

like the resull of our query to be a pew binary relation having two atlributes—

one ranging over the same primitive doinain as the CUSTOMEI attribule

of the + CUSTOMER- -PRODUCT . 1elation, and one over that of the PART
attribute of the « PRODUCT--PART tclation —each of whose tuples satisfies
the relationship in question.

Such a query might be expressed in Lhe following way using the language

of first-order logic:

(z, 2). 2y
(+CUSTOMER- -PRODUCT« (1, y) A
¢« PRODUCT--PART (y, 1))

where the resull variables are specified in a parenthesited list which is prexed
to the well-Tormed formula and lollowed by a colon. Ifere, we are assigning
a correspondence between Lhe predicate « CUSTOMER--PRODUCT s and the



relation having CUSTOMER and PRODUCT as its altiibules, snd similarly,
between the «I'RODUCT--I'ART+ predicate and the olber relation. The
result of this query is deBned to be » new relation, baving two atlribules
(corraspouding to the two free variables 5 and s specified in the result variable
list), whose tuplcs enumerste all of the combinations of one instantistion of =
aud oue iostantiation of z for which the well-Tormed formuls is true for some

instanlialion of the existentially quaatified variable y.

L.eL us now consider how the result of such a query might be computed. All
possible combiuations of tuples, one of which is chosen from the ¢« CUSTOMER-
-PRODUCT s telation, the other frosa ¢« PRODUCT- -PARTs, whose product
attributes sbare s common value are identified, as iflustrated below by tLhe tines

connecting Luplcs of Lhe two argunient relations:

CUSTOMER | PRODUCT PRODUCT PART
Amencan | DC3 |\, [ TDCI0 | wheel
Western DC-10 DC-10 engine-mount

“American | DC10 \ " DC3 —oxuen-mul

" DC10" | oxygen-mask
"DC10 | radic

For each such mstching pair of tuples, a new tuple is crealted by con-
catenaling the lwo and climinating one copy of the common PRODUCT at-

ribute, thus yielding the following termary relation:

1ne

CUSTOMER | PRRODUCT PART
American DC-3 oxygen-mask
" Western DC10 | wheel
“Western | DC-10 ch‘in:mounl'
“Western | DC10 | onygen-mask
T Western | DC10 | radio
American | DC10 | wheel
“Amesican | DC10 ;l;hu;moun(
"American | DC-10 6l;g:n-moll
“Amenican | DCa0 | radio

The operation that we bave just described provides our Brst example of
a relational algebraic operation, which is called the join (mote precisely, the
natural join) of the two argument relations. The PRODUCT altributes of each
of the Lwo argument relations are logether referred to as Lhe join attributes.

Itecall, however, Lthat our formulation of the query made no reference
to the product by which the customer and part are telated. To produce the
desired resull relation, we must therefore remove the PRODUCT attribute
from our inlermediate result. Nolice, bowever, that Lhe Brst and eighth tuples
in Lhe intermediate result are distinguished only by the value of Lbeir respeclive
product altributes. Upon removal of this attribute, these two tuples would
no longer differ, introduciug a redundauncy in the resull relation which is
prohibited by the fact thal relations are sets. {As we shall see in the following
subseclion, our injunction agaiast relations with redundant tuples does not
reflect a superstitious adhetence Lo our formal deflnition of relations, but is in
facl motivated by important practical considerations )

The Hoal step of our example Lbus involves not only semaval of the I'RO-
DUCT attribute, but also elimination of the redundant tuples that would

otherwise result from the removal of formerly distinguishiog attribute values:

120



CUSTOMER PART

American oxygea-mask
Western wheel
Western engine-mount

Western —o_x-ncn—mul
"Western | radio
TA Ecn_c;—_ " wheel

" American t?gﬁggn:ounl
American radio

I'his combincd operation is an example of asother relational algebraic
operation, called projcction. We reler Lo the CUSTOMER and PART at-
tributes, which are carried through to the result relation in our example, o3
projected attributes, while the PRODUCT attribute is described as projected
out of Lhe argument relation.

The very simple example that we have just considered has required ouly
the informal introduction of the join sod project aperators. In the following
subscction, we will define a larger sct of relations) algebraic primitives, provid-
ing a more rigorous definition for each one. The importance of the relstional
algebra to our task (and indeed, to the “higher level” goals outlined in Chapler
1), derives from the fact that this more complete set of relational slgebraic
primilives has all the “descriptive power” of the logic-based query langusge
Introduced above.

Peshaps the best known analogue of Lhis observation in the relstional
databasa literature is the so-called completeness 1esult due to Codd [1972). In
csscnce, Codd gave a constructive prool that any query formulated using the
calculus of m-empressions (olten called the relational calculus)—a descriptive

language quite similar to our own Brst-order predicate calculus-based query

121

language, bul wheie, among other distinctions, quantification |s over tuples
and not elements of the primitive domaies-— could be computed by application
of a suitable scquence of relational algebiaic primitives. Ignoring for the
moment Lhe diflcsences between strict first-order logic and relational calculus,
Codd’s resull thus provides a systematic (Lhough generally inefficient) way
of computing the result ol an arbitrary first-order query, as defined above,
using only the relational algebraic operations that will be (ielncd in the pext
subscction.

Oue way of viewing the roles of logic and relational algebra in this sort
of retricval task that we bave found particularly useful in our work Is based
on the uotion of a formal theory. Within this theoretical framework, we view
the query a3 part of a first-order theory, and Lhe relations in the (extensional)
databasc as a particular finite interpretation of that theory. lo pasticular, sach
primitive predicate in the query is associated with oue refation in the exten-
sional dalabase, which is treated as its interpretation. Within this [ramework,
we can view the problem of fiading the result of the query as that of finding
all possible values of the (free) resull variables such that the query well-formed
formula is logically satisfed under that inlerpretation. For this resson, we
sometimes call refer 1o the task of computing the resull of » logical query as

onc of satisfaction over » finite (albeil generally large} domain.
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2.4.4 The relatiousl algebrale primitives

The relational algebra we have used in our dissertation research is based on
a snall set of algebraic operators enumerated by Codd [1972] which take one
or more relations (along wilh certain “control” informalion) as argumentas,
returniog a single now relation as their value. ‘This set of primitivasiocludes Lhe
ordinary set operations—which, with one restriction, ase delined for relalions in
much the same way as for other sets—along with several structured operators,
which mnake reference to the inlernal atlsibute strucluse of Lhe coastituent
tuples. ‘I'bo two most importaot structured operators, project and join, have
already beeu informally described in Lhe previous subsection. Several other
structured operations will also be introduced ia tbis subseclion which may
in fact bo derived from project, join and the unstructured sel operstious,
bul which serve certain particularly iwportast fuanctions ia many practical
applications of relational algebraic systews. '

Specilically, we will be concerned in this dissertation wilh the following

relational algebraic primitives:

1. Unios

. Intersection
. Set diflerence
. Projection
Join
Selection

. Restriction

The three binary set operalors union, inlersection and set difference are
defiucd in a relational algebiraic systew ia the samne way as for sets In general,

with one exceplivn: the relational version of each is defined only when Lhe Lwo
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selations that serve as its operands are union-compatible. Two relations ace
said lo be union-compatible if and only il they are of the samae degice n and
the underlying domains of the i-tb simple altsibutes of the two relations are
the same for all 4, (1 < < n)

We thus define Lhe uuion of two upion-compatible relations i, snd H,,
denoted (11, ) H,), a3 a sclation contisting of exactly those tuples thal are
an element of Iy, of It;, or both. The intersection (R; N R;) is defned as
that relation containing all tuples found in both R, end R,. Fiaally, the set
difference (I}, -- M;) is defived to consist of exactly thote tuples of R, that
are nol preseot in R;.

Io preparation for ous lormal defiuition of the projection operator, we will
nced to iutroduce some additional notation. First, we adopt the convention
that » list of primitive domain elements enclosed by angle brackets (*(* and
“)") will designate a new tuple containing Lhe specified elements as Lhe valués
of its simnple atlribules, in the orders listed. Fulbermore, if r is a Ltuple of some
n-ary selation R, we will dcline r()] Lo ba the value of the j-1h attribute of r,
(1 < 5 < n). It will be convenient to extend Lbis notation to allow expressions
such as ¢|A], where A is a compound attribute of R copsisting of the m (not
necessarily distinct) simple attributes numbered 5,, 52, . . ., fm, defined such that
(r|A]} represents the new tuple {rji), rlnl, - - ., r|jml)-

We may now define Lhe projeclion of a selation R ovesr the compound

attribute A as the set

{(riA)):reit)

Note that we bhave defiucd the projection operator in such a way that simple
attributes withiin the compound altribule A may be seplicated in Lhe coursc of

projection Depending on ceitain details in the defivition of the join operation,
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bound extenston shee for that context tuple Uy projecting the context-bound
cxtension slice over the universally quantified variable, it is now possible to
ideutify the cliective range of Lhe universally quantified variable within the
Current coutext, resulling in a st of context-bound universally quantificd
values

‘To olitain Lhe partial result, the universally quantified variable is 8¢5t pro-
jected oul of the qualificd extension term slice. The resull (cotresponding to
the current context Luple) is then constrained by various instantiated versions
of the body in succession-— Brst, by a version of the body with the frst coulext-
bound uoiversally quantified value substituted for the universally quaotified
variable, next with the sccond such value substituted for that variable, and o0
0o for cach of the possible valucs withio the eflective (context-bound) range of
the ulnévcrsally quantificd variable ‘The result corsresponding Lo this context
tuple is now combined with those derived from each of the others to obtain a
version of Lhe original exlension term constrained by the universally quantified
formula. As noled above, the final result is oblained by taking the union of
the results due to each extension slice in the original ADE.

As in the case of existential quantification, the universally quantified vari-
ables are projected out of Lhe result upon leaving Lhe scope of the universally

quantified formula for reasons of efliciency
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2.5.4 Conjunction

1t is in the case of a conjunctive formula thal the process of progressive con-
straint which underhes the operation of the LSEG algorithm is most evideut

Upon encountering a sct of conjorned sublormula

P)AQU)AR(z)A ...,

the old ADE is first constrained by P(1); the resull is then further couslraived
by Q(z), then by M(1), aud 50 on until either the extension bas been constrained
Ly the last conjoined subformula or s false-extension is returned by one such
constiaining step, in which case compulation terminates with the valye false-

extension.
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for predicate defiaition {u practice, lhowever, the issue of query size and com-
plexity is much fess inpostant thao that of database size, particularly in the
case of the very large databascs to which our thesis rescarch is directed. lo this
regard, it is Lhe fact thal the pumber of relational algebraic operations, while
directly relate:d to query complexity, is indcpendent of the size of the database,

which is of central concern. The critical determinant of systewn behavior in

reabistic large scale database applications is thus the efliciency with which the
individual selational algebeaic primitives-— particulaily the join operator, by
virtue of its complexity and frequency of iuvocation within LSEC—are per-
formed on the relational database machine. This issue forms the central focus

of the next chapter

CHAPTER THREE

TUE RELATIONAL DATADASE MACHINE
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3.1 Helevant PPrevious Work

In this scction, we will bricfly survey certain arcas in Lhe literature of computer
architectuse that have central selevance Lo our own investigations. Decause
the great najority of the recent work on specialised architectuses for database
management applications--our own included —bas drawn beavily on earlier
work involving the design of content-addiessable meimories and associalive
processors, we will begin our review, in Section 3 1.1, wilth a rough taxonomy
snd description of the most important classes of atsocialive processing devices.
lo Section 312, we will consider several of the best known proposals for,
and actual prototype implementations of, what might be called true database
machines systems onented toward fairly specific functions deemed relevant to

actusl database wanagement apphcations.

163

3.1.1 Assoclative processors

At the risk of oversimplification, it is probably safe to say that virtually all
existing and proposed database machine arclitectures have drawn their power
from the utilization of a lugh degrec of some variely of hardware parallelism at
sowe level within the system ‘Fhie diffecent Lechiniques for acbieving such paral-
lel computation are olten distinguished according to a classification scheme
suggested by Flynn [1972], which characterized the conveulional sequential
processor as a Single lustruction Steeam Single Data Stream (SI.SI)) machioe,
as conlrasted with the most common mechanisms for parallel computation,

among which he distinguished three diflerent organizations:

1 Multiple Instruction Stream Single Data Stream (MISD) machines,
typilicd by the pipehine processing approach

2 Single lnstruction Strcam Multiple Data Stream (SIMD) machines,
in which a single operation is performed io paraliel by a vumber of
independent processing unils at any given Lime

3. Multiple Instruction Streamn Multiple Data Stream (MIMD) ma.
chines, which fuuction as a nutnber of independent, but communicat.
ing processors, each of which is capable of maintaining its own in-
struction and data streams.

Alternative classificatory schemes for parallel machines have also been
suggested (cg , Murtha and Deadles [1964])} For a more thorough discussion of
the taxonowmy of parallel processors in general, the reader is referred Lo Thurber
and Wald |1975)

Within the class of $SIMD machines, two iimportant subclasses sre Lyji-
cally recognized  (Agan, however, other dassilicalions are posmible; see, for
example, Wighic [1973] ) Members of the fist subclass, exemplified by such

machines as ILLIAC IV, arc known as array processors, in which the data are

1G4
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in addition to simple cquality) A|ll|ougln limiled in storage capacity by com-
patison to later block-ariented associative processor-hased database machines,
IFAM scrved Lo concretely illustiate the potential utility of associative opera-
Lions in database management applications

Moulder [1973] described an implementation of 8 hicrarchical database
management system based on STANAN (described in Subsection 3.1 A1) and a
paralicl head per-track disk drive. Using a Lechnique similar to that describied
by DeFiore, Stillman and Nerra [1971], the hierarchical data structures chosen
for data representation were converled into a single level data base lo permit
the use of Lhe associative processing capacities of the hardware. Ietrieval was
again by selection based on equality or incquality (bul not ranges) over various
atliibutes The database was parlilioned into a number of physical disk sectors
which were sucessively read into the STAIRAN memory atrays in a high speed
parallel fashion, where they were searched using the associalive capabilitics of
STARAN ‘Fhe time required in the casc of typical queries Lo perform these
associalive searches within the STARAN arrays was found to be sinall enough
that cvery other sector could be scarched in Lhe course of one revolulion of the
disk, 30 that the whole data base could be searched in two revolutions (aboul
78 msec in Lhe protolype system)

One of the first large-scale 1escarch eflorts directed toward the devel-
opment of a specialized system conlaining many of the features critical to
dalabase management is represented by the CASSM project, aclive at the
Universily of Florida since 1972 CASSM [Su, Copcland and Lipovski, 1973;
Copeland, Lipovski amd Su, 1973, Lipovski, 1978] is a block-oricuted design
oriented speciically toward a hierarchical data model, providing a direct hard-
ware implemémation of hicrarchical data structures, which sre lincarized in a

top-down, lelt-to-right manner, CASSM is capable of supporting the selational
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and network (Codasyl DITG) inodels as well, however

In the terminology of CASSM, the system architecture includes a collec-
tiou of identical cells, each cousisting of a processing clement and a circulat-
ing scquential memeory clement (a disk track or a circularly organized CCD
or bubble memory device, for example). Fach processing clement can com-
municate with its two iiniediate neighbors, in support of Lhe storage of files
and records which overlap plysical segments of the secondary storage device.
Associated with each ccll are two heads: one used for reading, and one (or
writing data  After being read by the first head, data is pipelined through a
chain of processing logic, cach portion of which serves a specialized funclion.
CASSM incluiles special Teatures for searcliing complex dala structures such as
scly, ordered sets, trees, variable length characler strings and directed graphs.
Among the distinclive features of CASSM is the fact that both programs and
data are slored on the associative secondary storage device. Both an assembly
language |{Su, Chen and Emam, 1978} and a high-level nonprocedural language
|Su and Emam, 1978] have been developed for programming the CASSM sys-
tem A single cell prototype system was comnpleted in 1976. Since that time,
efforts have concentrated on the implementation of and experimentation with
A software simulation of a inulti-cell CASSM system.

The best-known dalabase machine designed lpeddcally for eflicient sup-
port of the relational modcl of data is probably RAP (for lelational Associalive
I'rocessor), developed al the University of ‘Turonto [O1karahan, Schuster and
Swith, 1974, 1975; Schustesr, Oskarahan and Smith, 1976; Ozkarahan, 1976).
IRAT is desigued as a backend database processor for a general purpose com-
poter, accepting from the latler a set of primitive commands rclevant to the
evaluation of relational queries  Like CASSM, the RAI architecture is or-

ganized around a set of identical cells, each consisting of a processor and »
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block of citculating memory, and capable of vasious retiicval, insertion, dele-
tion and update functions Al cells ate counected Lo a common controller,
which includes a statistical anithmetic unit. Simple intes-cell commuyuication
facilitics are provided for priotity polliog in the course of output. The front
end compuler is used Lo translate diflesent query Janguages into JLAP prini-
tives, to handle various input foutput processes, for query scheduling, aud for
vanous functions sclated to the waiotenance of protection, security and data
integrty ‘The RAL language interface is described by Kerschberg, Ozkarahan
and 'acheco [1976) and Otkarabau and Schuster [1976].

An analytical comparative performance evaluation [O1karaban, Schuster
and Seveik, 1977 revealed advauntages in specd ranging between one and Lhice
orders of magnitude by comparison with a hypothetical conventional system
using inverted lists - with the very iportant exception ol the join operativn,
where only a sheht nprovernent was found  (Note that it is just this sort
of operation for which our own architecture offers the grealest potential ad-
vantages ) Speofic aspeets of the petformance of of ILAP arc examined by
Nakano [1976) and Oxkaralian, Schuster and Sevcik [1977). The AP sys-
tem has now evolved for several years, with the latest version, called ITAP 2
|Schuster, Nguyen, Oskaralian, and Smith, 1979, embodying several significant
changes. First, a general purpose wicroprocessor has been employed for im-
plementation of the previously bardwired contioller Sccond, the RAI' 2 design
is strongly oricnted Loward he use of CCD memorics instead of head-per-track
disk devices, The mstruction set bas also been modified somewhat in RAP .2 to

make it more unifonn and Nexible, and to add certain additionat capabilitics

.
Euhancements based on analogues of mulligrogramming and virtual memory
organizations have been propoged by Orkacahan and Seveik [1977]

Another ardutecture specifically orcuted toward the relational database

1S

model is cmbodicd 1 a proposed database machive called RARES [Lin aund
Sinith, 1975, Lin, Sinith and Sunth, 1976] The HARES design is distinguished
primarily by the adoptign of au orthogonal storage layout, in which individual
tuples are distributed across (and not along) the tracks of the parallel head-
per-track secomlary storage device, wilth onc byle stored on each track lo
Lhe orthogonal storage scheme, a given relation thus occupies all tracks within
a particular seclor of the disk device (whose extent depends on the size of
the relation), rathies than completely filhing a cotrespondhing number of tracks
Owve molivation for the orthogonal schieme adopted in the RARES design is
to reduce the incidence of contention in cases where more than one tuple is
identificd in paraliel for output  Among the other advantages cited for Lhis
scheme are a reduction 1n Lhe amount of storage necessary to hold each tuple
in Lthe course of associative compatison and certain efliciencies in the exccution
of operations on relations in which a sorted order nust be maintained.

I'he relational database machine architectures we have thus far considered
have primarily addicssed the problems of cvaluating a single rclational primi-
Live operation An organitation called DINECT (DeWitt, 1979], on the other
hand, is directed to a Lroaller set of problewms, dealiug with such questions as
intra- and ioter-query concurrency and database integiity in a multiple-process
relational database cavitonment DIRECT is a virtval-memory, MIMD (see
Subsection 3 1 1) system, currently being nplemented using a number of DEC
1.SL-11/03 microprocessors, along with CCD-based associative sturage units
Ihe microprocessors aml CCD modules are connected using a special cross:
potit switch design, with the nuuber of processors assigued to the evaluation
of a given query detenmned dynamically based on cerlain statistics of the
query and the retations ivalved

AL Olno State Umiversity, an architecture has been proposed for a very

(K11
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statementor a “begin  end” block, and whicl may sct llags allecting the value
of (conditions), 13 then executed with the current binding of {tuple variable).
Itesation tetminates when no fusther tuples of the specified relation salisfy

{conditions).
I'he final primitive is a conditional statement, which has the form

If [not) exists (Luple variable) with {conditions) |set (Mag) and| do (stateinent)

whicre wot is optional  ‘This statciment exccutes a retrieve and mark first
operation, execuling {statement) if any tuple satisfies (conditions) (or in the

casc where not 1 specified, if no tuple satisfes (couditions)).

187

proccdure project{lt, A),
for ench t of I

with not flag do (r { 1 probes)
begin (r tunes)
output t]|A];
pasnltel set flag (¢ probes)

I sl t' of It
with ('|A] == t]A),
end;

Algorithm 3.1, luternal Project

3.4.0 P'roject

I'he procedure for internally projecting a relation R over a compound attribute
A is detailed in Algorithm 3 1.
From the excculion counts, it cap be secn thatl internal projection requires

time

(2r 4 )T,

in addition to the time required to extract Lthe projected compound attribute
of, and output, each of the ¢ result tuples, bol‘h noo-associative funclious
which could be overlapped will the following associative probe. As noted in
Subscclion 2.4.4, projection can be quite expensive ou a von Nevisann inachine,
patlicularly in the case where the argument relation is large ‘The utility of the
proposed architectuie for the evaluation of Liic relational project operator thus
lics not only in the fact that it requires time independeutl of the size of the
the argument relation (being proportional only to the cardinality of the result
relation, which can never be larger, aud is often much smaller), but atso that
it implicitly climinates the possibility of tuple duplication, obviating the need

for sorting, lor example, to 1cmove redundant result tuples

(L1



procesture yorn(lty, 1y, Ay, Ag);
for ench ty of 1
with not flag
set flag mud do (d(A1, 1) 1 | probes)
hiegin (d(Ay, 1)) Limes)
desteadute(ty, Ha, Ay, Ay);
for each 1, of It
with £]A] = t{A)]
nand not flag
set [lag and do (c(1t,) probes)
distrabute(t|, Itz, Ay, A3), {c(R,)) — d(A,, 1) Limes)

end;

procedure distribute(ty, Iz, Ay, Aa),
hepin (c«(12)) times)
for ench 1, of I,
with 1,1A;]  4,[A4)
anil not flag
sct flag nnd do (r | ¢(1Y;) probes)
output (t,|A}|t21A7])
parnllet elear flag
in all {5 of I,
with 5]42] == 4L,1Ay); {c(1{,) probes)
end;

Algorithin 3.2, luternal Join

3.4.2 Join

Algorithn 32 computes the equi-juin {or with a slight maodilication to Lhe
output instruction, the natural join) of 1clations Ity and 13 over the compound
attributes A, and Ay, reapectively

Intuitively, the join algorithin functions as follows: Fiest, an arbitrary
1t, tuple Is retricved and marked. The extended cartesian product of all
(associatively tetricved) 12, and 1, tuples having the same value in their respec-

tive compound join atiributes as this arbitrarily selected Luple is then output

1R9

Another arhiteary Ry Luple is Uien athitranly selected from among those which
have not yel heen processed, amd the above procedure repeated uotil all 1T,
tuples have been exbausted, at which point the equi join is complete. ‘The
process of forwing the extended cartesian product involves a nested.iteration
over all natelnng 18, (in Lhe outer loop) and 1L, (in the sublunclion distribute)
Ltaples, cach of which is retrieved in a fixed amount of time, without regard
Lo ils position in memory, by virtue of the content.addressibility of PAM.

Fxcluding the tiine tequired for concatenating and output,

(r 1 3c(1,) | d(A R )T,

is required for internal cvaluation of tbe join operator.

Note that the asymmetry of Uhis algorithin with respect Lo the roles played
by the two argument relations permits a (possibly quite significant) increase in
efliciency in Lhe case where Lhe relative sizes of Lhe two argument relations
is known or incxpensively computable. Sowe of the existing designs that
might be chosen for a particular physical implementation of PAM are in fact
capable of providing, in a single associative operation, a count of the number
of respouders Lo an associative prabe  When this capability is provided, the
ahove algorithin may be preceded by two counting probies {on all 1y and ¢,
tuples) Lo deterinine the smaller rctation When such relative size information
is available, Ity should be chosen to be the smalier of the two relations in order
Lo minimize the size of the ¢(N, ) and &{1?)) terns, since d(1E;) woulld in practice
be direetly related (or at teast not strongly invessely related) to (18} This
observation is particularly significant in the comman special case where the
two argument relations are of very different sizes As it happens, our external

algorithm for the evaluntion of two very latge relations A and I admits the

190
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procedure selecd(N, A, V),
for each f of It
with t|A] == V
and not flog
set flag and do (r - 1 probes)
outputl {;

Algorithm 1.3.  Internal Select (with sequential output)

J3.4.3 Select

The algorithm for selection is quite straightforward within the architeclure we
have specified, since the associative retrieval primitive that defines the bebavior
of IPAM itsell scrves what is essentially a sclective funclion. If, in a parlicular
application, it is nol uccessary Lo sequentially enumerste and output the result
of a selection, but only to mark the included tuples, (as may io fact be the
case in the evaluation of many complex queries), the operator io fact requires
only a single probe, aod takes exactly tiwe T, indcpendent of Lhe size of
the argument relation. When sequential output is required, the selection from
relation /¢ with compound attribute A equal to value tuple V is defined as in
Algorithm 3 3. 1L is casily scen that r -§ | probes ate sequired, so that the time

required for a single sclection with sequential output is simnply

(r 1 N7,

It should be noted that Lhe titne required fus selection with sequential output

is again independent of the size of Lhe argument relation.
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procedure reslrict(I2, Ay, Ay);
for emnch { of It
with not flag o (d(A,, It} | 1 probes)
begin (d(A,, 11,) Limes)
for ench (' of I
with t'{A,) : t]A,]
nnd C|A;) -t Ay
and not flag
1el flag and do {r 1 d{A,,1}}) probes)
oufput (' (r timnes)
porallel set flag
Inall ¢ of I
with {"[A]) = t]A;]) of I {d(A,, I1}) probes)
end;

Algorithm 3.4, Internal Rlestrict

3.4.4 Mestrict

T'he procedure for internal restriction is detailed in Algorithin 3.4, Initially, an
arbitrary tuple is chiosen from thic argument selation. If the A, and A; values
of this Luple arc equal, one tuple having this value for both Ay and A; is output
during cach successive probe until exhaustion. At this point, alf tupies having
that value for Lheir Ay altribute are flagged, and the process is repeated on ali

unflagged tuples. ‘I'hic total Lime required for internal kestriction is
(2d(A|. nl) | ’)Ty

It is worth menlioning that the addition of ceitain hardware capabilities to
the I'AM device may substantially decrease Lhe complexity of internal restric-
tion Il the hardware permils the associative retrieval of all tuples in which »
Loolean disjunction of attributc. value pairs is specificd, for example, the paral-

lel seCinstruclion can be changed to fAag sll tuples in which the value of either
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3.40.0 Intersect

bn Algorithin 3 6, which computes the interseclion of relations R, and 1,
each tuple of 12, is examined in turn, and an associative probe is performed
to determine whethes the Luple in question is also s member of 115, It is casily

scen Lhat

(218,) -4 VT,

is tequited Lo intersect two relations in I'AM  Again, the dependence of our
resull on the choice of 1, should be noted Scleclion of Lhe smaller argument
relation for 12, is in facl somewhat more important in the case of sct intersec-
Lion than set umon becavse of Lhe larger relative contribution of Lhe cardinality

of ¥, to total exccution Lime.

ILis interesting to compare our algonithm for sel intersection with the one
presented for the join operatos Note that set inlersection may be regarded as
a special case of natusal join in which the compound join atlributes are exactly
the set of all attnibutes of the arguinent redations. In the case of intersection,
though, we kuow Lhat ne two tuples in an argument relalion can have the
same value for Lhis compound join attribule, since relations are in fact sets,
and are thus prohibited from containing duplicate tuples as clements  This is
precisely Uhe sort of “additional information™ discussed carhier which must, in
the case of the general join, be determined by seference Lo the semantics of the
parlicular database at hand  llecanse this inforimation is available on purely
structural groumds in Lhe case of inlersection, our intersect algorithm avoids
the probe that is always necessary Lo detect exhaustion of all /¢, tuples having
the curremt joth attribule value In the case of those join attribule values that

watch sowe I3 tuple, an additional probe is saved over the case of Lhe general
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procedure anfersect{ily, I,),
begin
for each t, of NI,
with not flay
set flag and do ({18,) | 1 probes)
if exicts ¢, In 1Y (c(1t,) prohes)
witht; = & do
oulpul &,

Alporithm 3.0, Internal Intersect

L. e e — e —————— e o

join, for mmuch the same reason

Hecent work by ‘Trabb Iardo (19T8] on Uie complexity of set intersection
on s von Neumann machine suggests another interesting pesspective on our as-
sociative algorithin for intessection. Trabb I'ardo considered Lwo strategies lor
representing and intessecting sels of unstructured elements (as distinguished
from tuples having intcrnal attiibute-value structure, as in the relational al-
gebra) The first involves Uhe representation of scts as tries, which are inter-
sected through a process of parallel traversal. The second approach, which
permits extremely fast interseclions, is closely related to our own algorithm,
but uses hashing functions to approximate the process of associalive retricval
on a von Neumanu machine. Like our algorithin, “Trabl Pardo’s hashied inter-
section algorithm scarches for the presence of cach M, uple, in Lnan, withio 18,
and intersects in time linearly proportional to the smaller argument relation

In the case of intersection (as opposed to the more general join operator),
Trabb Pardo’s “pseudo associalive” intersection algorithm in facl appears to
oflfer comparable performance Lo the assaciative scheme described here. Itisin
Lthe more general case of the natural join, where resull tuples may he generated
based on a partial match between the corresponding attnibutes of the argument

velations, that Lhe argrinent for a non-von Neuwmann architecture is strongest.
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occupying (53 | 81 | 27) 10 :: 1610 bytes, would constitute the first bucket,
‘T'hus on Lhe flirst revolution (following the one required for histogram creation),
all tuples whose sort douain values fell ictween 0 and 29 would be read into
primary storage in the order they wese encountered on Lhe disk The algorithm
for internal projection would then be applied to this Girst bucket of tuples,
and the result output On the next revolution, all tuples in the five intervals
bounded by (30, R9) would bie read and processed internally; the third bucket

would consist of all tuples within the bouuds of the final interval.

The associative buckel sort algorithin can be applied to the problein of
key-disjoint partitioning and lraln;lcr by using the key of the argumnent relation
{in the case of projection) or relations (in Lhe case of join, union, intersection
and sct difference) in the same way as the sort domain is used in the bucket sort
algorithm  As it happens, though, the loosening of the contiguity constraint
in [avor of the weaker requirements of key-disjoint partitioning makes possible
2 modest refinement of this tecbuique when applicd to the retational algebraic
operators. Note that il the interval bounded by R0, 89] is added to the first
partition (which, unlike the interval immediately following the lirst partition,
would not result in a PAM overflow), and the entire third partition then
merged with the second (which would now have enough rooin), only two SAM
tevolutions {plus the oune for histogram coustruction) would he required to
pass Lhe relation through PAM. The contiguity requirement thus makes it
necessary to expend one extia SAM revalution by comparison with a different
assipniment of intervals Lo bhuckets which would be possilile in the absence of Lhis
tequircment. Indeed, Lin has observed that the averape buckel size obitained)
using Lthe hucket sort alporithin may le as sinall as half the capacity of Lhe
available primary store in a worst case situation, resulling in up to twice the

optimal nmaber of disk revolulions
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The task of inding an optimwm partitioning of Lhe telation fromn the
viewpoint of minitmizing the required vumber of SAM revolutions is an example
of a bin packing prollem, whose exact salulion is unfortunately NP’-complete.
In practice, however, one of several known huear Lune heudistic algosithing
for non-oplimal, but typcally teasunably ellective, bin packing can be used
to improve the perlormance of the partitioning of selations using domain
histograms  (As these algorithing seem to canstitule a separable and fairly
well reported area of work, they will not Le given further attention in this
dissertation )

Having identified a group of interval sets that do a reasonable job of
controlling the nunber of buckets, all tuples whose key [alls within the set of

interval ranges defining a particular burket must be teLrieved during a single

< revolulion of SAM “Fhis imposes stronper requirements on the capabilitics of

the per-Lrack dogic than those required by the unoptimized algorithm, since
more than one range specification must he checked for each tuple passing under
the head. Although there are several possible ways in which this operation
might be perfosmed, most depend on a fixed limit on the nwinber of non-
contiguous ranges used to define each bucket, thus constraining the bin packing
problein in an interesting way. .

Thiee factors are wortl mentioning with regard to the chioice of inter-
val size  First, the expected amonnt of wasted ’AM space afler bin packing
(inanifested in a larger number of buckels, and hence, additional SAM revolu-

tious) is dircetly related to the size of the intervals. Sccond, the likelihoad that

those tuplies whose keys (all within a single Interval will exceed the capacity
of I'AM (thus cansing a I'AN oveiflow regardiess of Lhe chosen partitivning)

varics inversely with interval sise  Note, howerer, that there is no interval

size small enough to guatantee that no overflow will occur; the recovery pro-
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3.0.2 Nnsh partitioning

Let us now turn our attention Lo the hash based scheme for partitioning andl
anslerring the argumient relation “Ple intent of this algotithm is Lo manage
the problem of non wmform distribution of the key by assigning tuples to
P'AM:-sized huckets using a hashing function ‘The slgorithm requires Lhat each
per-teack unit he capable of sequentially cowpuling a hashing function on the
compound altribute in question, and of outputting all Ltuples for which the
resulting hashed vatuc falls within a specificd range  Decause the algorithm does
nob require the ability for a dynamic choice of the range of Lthe hash function,
the requirement for real-tiie hashing is well within the capabilities of the sort
of simple and mexpensive hardware that woutd be required in a practical per-
track lopical unit One implementation, for example, would combine the entire
compound atlribute into a single, fixed length “signature word” (of, say, 16
hits), by computing the exclusive or of each two byte segment with the curient
accunulated signature word as it passes wnder the head  In the discussion
which follows, we asswne that the hashing function maps all keys onto a fange
0,1}

In the interest of simplicity, we will first consider the case of a single
relational argument. I the first step of the algurithm lor calegory two hash-
based partitioning, the range of the hash function is divided into A cqual hash

intervals, where

A ,(' 1 W)

W (for “waste fuctor™) is a lixed system parameter, ordinatily much smaller
than one. ‘The number of hash intervals is thus chosen to be somewhat larger
than the size of the retation in “I'AM fulls™. (We assume that the size in bytes

of cach stored relation js immediately avaitable or casily determinable, so that
.
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s operation requires neghgible tine ) Panng cach SAM sevolution, all tuples
whnse keys hash to a value within a single hash interval are transferred into
I'AM, provichng their combined size does not exceed the capacily of I'AM.

In the absence of overllows, exactly A SAM revolulions, requiting time
hT,, arc necessary to transler all buckets of the argument selation(s) into I'AM.
Wheuever 1, the sumbier of tuples assigned to the current bucket, is greater
than (¢/h) by a factor of more Lthan W, however, an overflow occurs, resulling in
the expenditure of mare than one SAM revolution for the bucket in question;
the exact number of revolutions depends on Whe ratio of z to (¢/A). In Lhe

reneral case where an averape of v extra “overflow revolutions”™ are required

per bucket, the time requited 1s exactly
(1 | v)AT,

I'he central concern of our analysis is the derivation of an upper bound on the
average case value of o

By comparison with the domain histogram algotithm, the randomizing
property of the hashing scheme permits a relatively accurate statistical evalua-
tion of the number and extent of I'AM overflows to bie expected in the course

¢ . .
of hash partitioning without excessively stringent assumptions regarding the

distribution of the key values  (Our analysis is dependent, of conrse, on the

assutuplion that the distribution of hash values, given a large set of keys, will
be close to uniforin over the ranpe [1, Ha, o}, this may not in fact always be
the casc ) The analysis is based on the treatment of Lhe partitioning process
as a set af ¢ independent Bernoulli Lrials, one for eacl tuple in the relation,
with each trial defined as successful if the tuple in guestion falls within the

cutrent hash interval, and as unsuccesslul otherwise  The nuinber of tuples
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